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1. INTRODUCTION
Ever since its first creation for military purposes in
the Manhattan project, uranium enriched to >90%235U
has been used for many peaceful applications requiring
high fissile material densities. The use of High-Enriched
Uranium or HEU (all enrichments >20% 235U are considered
HEU) for civil applications such as driver fuels for research
reactors, is considered a proliferation concern. As a result,
since the 1970's, efforts have been devoted to the conversion
of research reactors operating on HEU to alternative fuels
using uranium with enrichment below 20% [1]. These
efforts include the development of high-density fuels to
replace the low volume-density (mostly) UAlx based
HEU fuels. This led to the development and qualification
of an U3Si2 based dispersion fuel with a uranium density
of 4.8gU/cc in the 1990s [2]. The typical fuel design for
many European research reactors is an assembly of thin
fuel plates consisting of a central layer (the 'fuel meat') of
a fuel compound dispersed in a pure Al matrix. This layer
is sandwiched between cladding sheets made from an Al
alloy. Fuel plates are manufactured using hot and cold
rolling processes.
By the end of the 1990s, most reactors capable of
core conversion to Low-Enriched Uranium (LEU) using
U3Si2 were converted [3]. Attention was then turned to
the remaining high-power reactors that were unable to
use U3Si2 without severe performance losses. Additional
fuel development was required to allow conversion of
these reactors. A fuel loading of 6.5-8.5gU/cc is required
for most of these reactors, although some are believed to
require even higher densities only available in alternative
fuel designs, such as the monolithic UMo fuel mostly
developed in the USA. The USA, the main driving force
behind the conversion requirements and an important
supplier of HEU, led the efforts with a number of scoping
studies to identify appropriate fuel candidates [4, 5]. This
involved the irradiation of a number of high-density uranium
compounds (RERTR-1 and RERTR-2 experiments) [6-8]
from which the U-Mo alloys with a Mo content of 7-10 w%
were chosen as the best candidates [9-11]. The selection
was based on good irradiation behaviour, sufficiently high
intrinsic density (~16g/cc) and availability of historic
irradiation data from fast reactors. Certainly due to the
relatively important cross-section of Mo for neutron capture,
a fuel density of ~8gU/cc is required, which means a volume
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density of roughly 50% in the dispersion is required. This
selection marked the start of a number of validation and
qualification irradiations to build the knowledge base
required to underpin a qualification of this fuel type. A
lot of irradiations were performed in the Advanced Test
Reactor (ATR) at Idaho National Lab (INL), but mainly
on sub-size fuel plates (micro- and mini-plates) [12-15].
In Europe, a choice was made to use only full-size plate
irradiations, since they are considered more representative
of real fuel assemblies.
The qualification approach adopted was similar to the
strategy that was used for U3Si2. In the first stage, pre-
qualification irradiations with gradually increasing power
and burnup were performed, eventually leading to the
first high power testing. In Europe, the IRIS-1 irradiation
performed in the OSIRIS reactor at a maximum heat flux
of 140 W/cm2, using dispersion fuel based on ground (or
comminuted) powder made by CERCA, yielded positive
results. This led to the launch of a pre-qualification
program, including the IRIS-2 experiment in the OSIRIS
reactor at 230 W/cm2 and the FUTURE-UMo irradiation
in the BR2 reactor at a higher power level (350 W/cm2).
But the results obtained in these experiments were far
from those expected [16-18].
Indeed, almost simultaneously in Russia [19], Korea [20],
the USA [21, 22] and Europe [18, 23], the first indications
of failure of the UMo-Al dispersion fuel system were
observed in high power irradiations. Excessive local
swelling of the UMo-Al dispersion plates, described as
'pillowing', was observed in the high power zones of the
plates. It turned out this was the consequence of excessive
interaction between the UMo kernels and their surrounding
matrix, leading to the formation of an amorphous interaction
phase [24-27], which eventually plays a crucial role in
the pillowing.
In older U-Al based fuel systems, Si was used to stabilise
interaction [28] and metallurgical considerations confirm
that Si is expected to have this effect [29]. As such, the
addition of Si to the dispersion fuel matrix was put forward
as a solution to the IL formation problem [22, 30, 31] and
a reorientation of the fuel development and qualification
programs was performed [32].
Again, the approach of gradual increase in power and
burnup levels was followed in Europe by continuation of
the IRIS experiments [33, 34] in OSIRIS with an IRIS-3
plate series using an Al-2w%Si matrix [35]. In the same
period, the IRIS-TUM plates were irradiated [36], testing
also the addition of Si to the matrix, but with comminuted
powders instead of atomised powders. Positive results
with important reductions in the IL formation thanks to
Si were observed [34, 37-43] and confirmed by results
obtained internationally [31, 44-47].
However, the improvement was insufficient to suppress
pillowing at high power conditions, but higher Si contents
were believed to offer a final solution to this [45]. Therefore,
a high power irradiation, called E-FUTURE, was launched
in the BR-2 reactor by the European LEONIDAS consortium,
using U-7w%Mo atomised kernels dispersed in Al-4w%Si
and Al-6w%Si matrices [48-50]. Unfortunately, pillowing
was once again observed on these plates [51-53], albeit
only at a burnup of >60%235U, so a marked improvement
over the level of 33%235U reached with FUTURE-UMo,
certainly since the Beginning Of Life (BOL) power in E-
FUTURE (470W/cm2) was also well above the BOL power
in FUTURE-UMo (350W/cm2).
It was then considered that further development of
the UMo dispersion fuel would require more elaborate
solutions, unless a further increase of the Si content in
the matrix and improved dispersion of the Si particles
could resolve the problem [54-56]. The latter solution
was tried in the E-FUTURE-II experiment, while the
former pathway gave rise to a number of modifications
that were introduced in the fuel system. The main focus
of these ideas has been to modify the UMo-matrix interface,
where the IL is formed, and to assure that sufficient matrix
material would be left at high burnup. As such, the CEA
launched the IRIS-4 irradiation using pre-oxidised UMo
kernels [57-59], while sputter coated UMo kernels were
put forward in the SELENIUM project by SCK•CEN
[60-62]. This was also an attempt to avoid Si use altogether.
The coating of fuel particles was also considered and
tried internationally [63-67].
This review article aims at providing an overview of
the knowledge generated and the lessons learned in roughly
15 years of UMo dispersion fuel R&D in Europe through
irradiation experiments. A lot of work was also done in
out-of-pile experiments, but the focus of this article will
be on the irradiation and Post-Irradiation Examination
(PIE) results.
2. UMO-AL DISPERSION FUEL
At the start of the UMo dispersion fuel development, it
was considered that the process to arrive at a qualification
for this fuel would be similar to U3Si2. From plate production
to irradiation, no obvious problems that would hinder
qualification were immediately identified and only the back-
end of the fuel cycle, notably the reprocessing seemed to
require more attention. The French UMo group, involving
at the time CEA, Framatome ANP (AREVA), CERCA
(AREVA) and Cogema (AREVA), made some important
contributions in the field of reprocessing [35, 68, 69], but
the subject is not treated further in this review.
An important difference between UMo and U3Si2
concerns the plate production, since suitable powder
material from the very hard, yet ductile UMo could not
be obtained through the milling process typically used
for U3Si2 powder production. The production of UMo
powder by atomisation was established at INL by the
Rotating Electrode Process (REP) [70, 71], recently also
implemented by CERCA in a collaboration with TUM
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and by KAERI [72] through the development of their rotating
disc method [73-76], although comminuted powder was also
produced by INL [71], AECL and CERCA. The production
of UMo-Al dispersion fuel plates based on the atomised
powder with a uranium density of 8gU/cc could be readily
based on existing processing [77], since the volume density
of the UMo in Al (~48%) is only slightly larger than the
U3Si2 volume density at 4.8gU/cc (~42%). Nevertheless,
extensive efforts needed to be devoted to the manufacturing
of high quality UMo fuel plates [69, 78, 79].
The main European irradiations of UMo-Al dispersion
fuels were IRIS-1, IRIS-2 and FUTURE. Also in IRIS-3
and IRIS-TUM, plates without Si (or at least very low Si
contents in the matrix) were irradiated. A summary of the
irradiation conditions, plate characteristics and irradiation
results is compiled in Table 1. The conclusions drawn
from these irradiations were clear: the UMo-Al dispersion
fuel system (in particular with atomised powder) shows a
poor irradiation behaviour leading to pillowing of the
fuel plates under high and low power conditions, already
at relatively low burnup (2.0-3.0 1021 f/cm3 UMo). Plates
manufactured using ground fuel (IRIS-1 and IRIS-TUM)
have shown a somewhat better behaviour, at low and
moderate power respectively, and did not pillow even at
high and very high burnups (4.7 and 6.0 1021 f/cm3 UMo
respectively). Nevertheless, the observed microstructural
evolutions were interpreted to indicate that under high
power conditions they would likely not survive either.
Nevertheless, these experiments provided vital information
on the behaviour of UMo particles under progressing
burnup accumulation and allow a general description of
the phenomena occurring in this and related fuel systems. 
From the point of view of reactor exploitation and fuel
qualification, one of the most important aspects of fuel
plate behaviour is its swelling. The cooling gaps between
fuel plates in a research reactor plate fuel assembly are
very narrow (typically 2-3 mm) and fuel plate swelling
causes them to reduce further. In order to assure adequate
cooling throughout the lifetime of the assembly, the fuel
plates should not swell excessively. Normal solid state
fuel swelling under the influence of the incorporation of
fission product, particularly the high yield Xe atoms, is
inevitable. The amount of swelling that can be tolerated
depends on the design, but should preferably not exceed
150-200 μm. In addition to remaining limited, the swelling
should also be controlled and be a gradual function of
Reactor
Irradiation period
Plate identification
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U)
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max. swelling (%)
Outcome of irradiation
U7MQ2003
Ground
7.6
19.7
8.3
12.4
A5 (pure Al)
AG3NE
124
241
47.7
3.2 1021
67.5
4.7 1021
5.9 (77 μm)
Complete
U9MQ2051
Ground
8.7
19.7
7.9
13.0
A5
AG3NE
136
155
35.8
2.5 1021
55.0
3.8 1021
4.4 (51 μm)
Complete
U9MQ2053
Ground
8.7
19.7
8.1
10.9
A5
AG3NE
145
46
13
0.9 1021
22
1.5 1021
n/a
Stopped Manipulation
U7MTBR06
Atomised
7.3
19.8
8.5
1.3
A5
AG3NE
351
40
31.6
2.4 1021
16
Stopped Swelling
U7MTBR07
Atomised
7.3
19.8
8.5
1.1
A5
AG3NE
353
40
25
1.8 1021
31.9
2.4 1021
14
Stopped Swelling
IRIS-1
OSIRIS
FUTURE
BR-2
2002-20032000-2001
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
burnup as uncontrolled accelerations in the swelling rate
are not acceptable. Such uncontrolled swelling is often
referred to as 'breakaway swelling', generated by large gas-
filled bubbles/cavities forming rapidly (i.e. over a narrow
burnup range) in the meat, leading to 'pillowing' of the fuel
plate, i.e. the development of blisters on both sides of the
fuel plate generally interpreted as being caused by the
accumulation of fission gases, which exert important
pressures and cause the cladding to bulge. Breakaway
swelling is typically associated with changes in the fuel
microstructure, leading to sudden increased mobility for
fission gas. One example of such a change triggering
breakaway swelling is the amorphisation of U6Me (Me=Fe,
Mn) fuel [6, 8].
For the UMo-Al dispersion fuel system with atomised
U-7w%Mo dispersed at a loading of ~8gU/cc, the obser-
vations are that plate pillowing occurs at relatively low
burnups (30-40%). This can be seen in Figure 1 and
Figure 2, where the plate thickness increases with fission
density accumulation are shown for the IRIS and FUTURE
experiments. In the IRIS-2 and FUTURE experiment,
notwithstanding the different power levels, plates were
found to pillow at local burnups of 35-40% (fission densities
of 2.5-3.0 1021 f/cm2 UMo). Also in the case of the IRIS-
3 plates with very low Si content (0.3%) in the matrix,
the burnups at which pillowing was observed were very
similar. In IRIS-1 (Figure 2), thanks to its low power and
the initial porosity accommodating much of the early
swelling, no pillowing was observed up to higher burnup
(67.5% or 4.7 1021 f/cm2 UMo). Similarly, the low Si
plates of the IRIS-TUM irradiation were also irradiated
at moderate power up to higher burnup (up to 56% 235U
LEU equivalent burnup) showing increased swelling
rates, but without direct evidence of pillowing (Figure 1).
Although it is qualitative, there appears to be a better
mechanical resistance to pillowing for the ground UMo
based fuel, possibly because the anchoring of the
irregularly shaped fuel particles to the matrix is better
than for the spherical atomised kernels. Nevertheless, based
on the microstructural evolution observed it is believed that
eventually the ground fuel will also not be able to resist
the internal stresses and yield, certainly at the higher
powers at which this fuel needs to operate. This claim was
never tested in an irradiation experiment, partly because
an industrially viable ground powder supply route was
not as readily available to the community as for the
atomised powder.
As far as the evolution of the fuel microstructure with
burnup is concerned, the UMo material itself (ground or
atomised) shows a very predictable and stable evolution
under irradiation as a sizeable fission product inventory
is built up inside it. The burnups in research reactor fuels
far exceed those known in power reactor fuels and as
such the fission product (FP) concentrations and damage
accumulations in the fuel particles are more important as
well. Of particular importance is the behaviour of (noble)
fission gases (FG), which tend to show important mobility
and precipitate into bubbles even by athermal mechanisms.
In UMo (atomised and ground) the fission gases were shown
to initially precipitate in nanobubbles (2-3 nm diameter),
which were found to be ordered in a superlattice (6-7 nm
spacing). TEM observations performed on samples of the
FUTURE plates have demonstrated this behaviour [24, 80]
and were confirmed by other observations [27, 81, 82], also
in ground fuel [83]. 
As the fission gas concentration increases, the gas
eventually precipitates out into larger (micron-size) bubbles,
first on the cell boundaries of the atomised kernel microstruc-
ture or the dislocations and grain boundaries in ground fuel,
and later on throughout the bulk of the UMo [40, 84]. As
the cell boundaries have a slightly lower Mo concentration
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Fig. 1. Maximum Plate Thickness Increase at Increasing Fission
Density of the Different Plates Irradiated in IRIS Program (Fig.
from [33])
Fig. 2. IRIS-2 and FUTURE Results Compared to IRIS-1
Results (Fig. from [18])
due to the rapid solidification process in the atomisation [85],
they are somewhat less stable and provide the locations
where precipitation occurs first through the process of
athermal restructuring of the UMo. This process is a very
important contribution to the precipitation of the fission
gases and will be addressed more in detail later in this review.
Between the UMo kernels and the Al matrix, an
interaction phase is formed by the ion induced mixing
and fission spike phenomena occurring when the high
energy fission product ions cause a displacement cascade
in the material around the fission track. This displacement
cascade, as a function of fission rate, is a driving force for
athermal interdiffusion of the UMo and Al. The IL is an
amorphous phase [22, 24, 25, 27, 86], which does not
show many features and generally has a relatively similar
composition, even at the maximum burnups reached in
these experiments. At the highest burnup levels, the IL
formed early in life can start to show some fission gas
bubble formation, but mostly at the nanoscopic level. 
The formation of an IL is a phenomenon that is generally
known in the MTR dispersion fuels and has also been
observed for UAlx-Al and U3Si2-Al. Also the amorphous
nature of this interaction layer is not uncommon for RR
fuel, related to the generally relatively low irradiation
temperatures that do not allow recovery of the damage
introduced in the crystal lattice by the fission events.
Amorphous interaction layers or even fuel material itself
occur in the UAlx-Al [87] and U3Si2-Al [88, 89] dispersion
fuel systems and do not necessarily lead to poor irradiation
behaviour. In some cases, amorphous material can give
rise to breakaway swelling, such as in U3Si (in plate-type
fuel, because U3Si is used successfully in pin-type fuels)
[90], U6Fe [6] or U6Mn [8]. However, if the IL volume
fraction stays low enough, as detailed further, it can be
part of acceptable fuel behaviour. Unfortunately, in the
case of UMo-Al, due to a higher formation rate of the
interaction phase than in eg. silicide, the interaction layer
(IL) is observed to occupy very important fractions of the
volume of the fuel meat : 45-50% for IRIS2 and even up
to 70% in FUTURE in the highest burnup/power positions.
The UMo volume fraction is generally found to stay rather
constant, related to the compensation of the consumption
of the UMo in the IL formation by the UMo swelling.
However, it should be remembered that the meat swells,
so even if the volume fraction stays constant, this actually
indicates a net increased total UMo volume as the meat
volume increases. 
The matrix is typically found to decrease to volume
fractions <10% in locations where indications for fuel
failure are visible, for all plates from all experiments.
Nevertheless, even with large IL volume fractions, the
influence of the IL formation on the meat (and therefore
plate) swelling is very limited, as shown by the similarity
of the fuel plate swelling resulting from different experiments,
each with more or less IL formation. Apparently, the
volume occupied by the amorphous interaction phase is
very close to the combined volume of the consumed matrix
and UMo. 
The composition of the interaction layer has been
observed to vary somewhat with the irradiation power/
temperature. At higher irradiation powers (FUTURE,
IRIS-3), the layer has an Al content close to Al/(U+Mo)=3-4
(atomic fraction), while at lower powers (IRIS-1 and IRIS-2),
it can reach 6-7 [23, 33]. However, as the matrix gets fully
consumed, the Al content starts to decrease as the IL grows
only at the expense of the UMo kernels.
As such IL develops in a dispersion fuel, it is known
that fission products, including the gases, accumulate at the
IL-matrix interface or at the IL-IL interface in locations
where no matrix is left. This effect is visible as a 'halo' of
elevated FP concentrations around the IL of each fuel kernel
in microprobe mappings of irradiated dispersion fuel. It
is caused by 'sweeping' or 'snowploughing' (terminology
used in the semiconductor industry) of the FPs injected
into the matrix from the kernel. As the IL grows and the
matrix is consumed, these FPs get 'swept up' by the advancing
front. Once again, this snowploughing effect is common
for all dispersion fuels developing an IL [91, 92], but only
in the case of UMo-Al, the weakened interface is also the
location where large cavities are formed when a threshold
is exceeded. In all cases where excessive plate swelling,
called 'pillowing', was seen, the microstructure of the UMo
fuel afterwards was shown to reveal crescent shaped 'pores'
on the IL-matrix interface. These cavities are formed by
the mechanical deformation under influence of the internal
stresses of the fuel caused by the UMo swelling and fission
gas accumulation. When these stresses can no longer be
efficiently relieved by creep, voids develop in the weakest
locations in the meat. The crescent shaped voids have
been shown to contain fission gases, exerting important
forces on the interface and effectively deforming the fuel
from the inside out, causing, by their interconnection, the
local pillowing of the plate. The extent of IL formation
and its amorphous nature believed to be associated with
poor FG retention was put forward as a root cause for
this phenomenon.
3. MODIFICATION OF THE AL MATRIX BY
ADDITION OF SI
As it became clear that the U7Mo-Al dispersion fuel
was not a suitable high power fuel up to elevated burnups,
a solution had to be found to stabilise its in-pile behaviour
before qualification could start. To become a suitable fuel
system for the high power research reactors, fuel plates
are required to withstand peak powers of >450W/cm2,
depending also on the cooling conditions. Generally speak-
ing, research reactor fuels don't have burnup limitations,
but they should be able to reach local burnups up to and
beyond 80%235U to allow a flexible and affordable fuel
cycle for some applications.
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In metallurgy, modifications of properties of a metallic
material are accomplished by alloying with a different
element, usually a metal. This was the reason behind the
addition of Mo to metallic uranium: stabilisation of the
high temperature a-U phase at room temperature.The room
temperature _-U phase is known to show anisotropic
swelling under irradiation, leading to tearing at relatively
low burnups. Faced with the excessive interaction layer
formation in the UMo-Al dispersion fuel, a modification
of the properties of the system (UMo particles and/or the
matrix) was sought to prevent or reduce the IL formation
and/or influence the properties of the interaction phase.
Historically, uranium metal with aluminium cladding has
been used since the beginning of research reactor con-
struction and their interaction was discovered early on.
The fuel of the Oak Ridge X-10 reactor consisted of natural
uranium metal slugs canned in pure Al cans, very similar
to the fuel of the BR1 reactor which is still using its original
fuel. Also for that fuel system, the interaction between U
and Al was observed and found detrimental to fuel perfor-
mance [28, 93]. The issue was solved through the use of an
Al-Si eutectic interdiffusion layer. Similarly, the introduction
of Si in the matrix of the UMo-Al dispersion fuel system
was put forward as a solution to the interaction phase for-
mation. This was based on historic experience [94, 95],
observations of test plates with alloyed matrices [21, 96],
observations on irradiated fuel slugs of BR1 [28, 93], out-
of-pile experiments with diffusion couples [97-100] and
metallurgical considerations [29, 99]. A further clue was
found in reduced interaction layer (IL) formation near the
Al6061 cladding in US fuel [21], a phenomenon not
observed in the European fuels with their AG3NE claddings.
As Al6061 contains Si, while the European alloys do not,
the thinner ILs were attributed to the presence of Si.
Underlying to this stabilising effect is the affinity of U
for Si, which is larger than for Al [101, 102].
The determination of the quantity of Si to introduce
in the matrix in order to stabilise the behaviour of the
dispersion fuel was an important point of discussion [29,
30, 45, 103, 104]. A lot of irradiations first focussed on
Si contents of <5%, clearly revealing the positive effect
of the Si addition [31, 34, 37-44]. Among them were also
the IRIS-3 and IRIS-TUM experiments with Si contents
of 2.1 w%Si. Because these experiments also contained
plates without (or with very little) Si in the matrix, a direct
comparison was possible. In the case of IRIS-3, 2 plates,
one with 0.3%Si and one with 2.1%Si can be compared
directly (see Table 1). The irradiation of the plate with
Reactor
Irradiation period
Plate identifications
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U) 
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max. local swelling (%)
Outcome of irradiation
U7MT2002
Atomised
7.6
19.8
8.3
1.5
A5
AG3NE
238
57.9
32.5
2.2 1021
39.1
2.7 1021
95.1%
Stopped Swelling
U7MT2003
Atomised
7.6
19.8
8.3
1.6
A5
AG3NE
217
57.9
30.5
2.1 1021
36.6
2.5 1021
19.8%
Stopped Swelling
U7MT2007
Atomised
7.6
19.8
8.3
1.4
A5
AG3NE
231
40.3
23.4
1.6 1021
28.4
2.0 1021
28.5%
Complete
U7MT2008
Atomised
7.6
19.8
8.3
1.1
A5
AG3NE
214
28.3
16.0
n/a
n/a
n/a
n/a
Stopped Manipulation
IRIS-2
OSIRIS
2002
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
0.3%Si had to be stopped due to pillowing of the plate
(comparable to the IRIS-2 behaviour), while the plate
with 2.1%Si in the matrix was able to reach local burnups
of nearly 60% 235U leading to a plate swelling of 90μm
(~7%) without pillowing [34, 41]. The evolution of the
plate swelling in the IRIS-3 plates and the comparison to
the IRIS-2 plates can be seen in Figure 3. Also in the IRIS-
TUM experiment, the positive effect of the Si addition
was clearly demonstrated [36] and even allowed the plate
with 2.1w% Si to reach maximum burnups of >80% LEU
equivalent (see Table 1); still among the highest burnups
reached with a full size UMo based fuel plate. Such a
positive signal for the influence of Si addition to the matrix
of UMo dispersion fuel was also found in other experiments
around the world [43, 44, 46, 63]. Based on these results,
conclusions were made regarding the amount of Si that
would need to be added to the Al matrix to stabilise
behaviour of the UMo dispersion at higher power [45]. 
The microstructural observations of the fuels in these
experiments revealed the positive effect of Si on the IL
thickness. A markedly thinner IL was formed and larger
quantities of matrix were found to remain at high burnup
[37, 38]. Nevertheless, at burnups of 60% and above,
significant quantities of interaction phase were still formed
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Reactor
Irradiation period
Plate identifications
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U) 
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max. local swelling (%)
Outcome of irradiation
U7MV8011
Atomised
7.2
19.8
7.98
0.8
Al+0.3w%Si
AG3NE
183
88.2
33.9
2.3 1021
42.6
2.9 1021
81.2%
Stopped Swelling
U7MV8013
Atomised
7.2
19.8
7.85
2.4
Al+0.3w%Si
AG3NE
163
88.2
30.7
2.1 1021
38.9
2.7 1021
3.0%
Stopped Manipulation
U7MV8021
Atomised
7.3
19.8
7.99
2.2
Al+2.1w%Si
AG3NE
201
130.6
48.8
3.4 1021
59.3
4.1 1021
7.0%
Complete
U7MV8024
Atomised
7.3
19.8
8.02
1.9
Al+2.1w%Si
AG3NE
167
41.9
15.1
1.0 1021
19.8
1.4 1021
n/a
Stopped Manipulation
IRIS-3
OSIRIS
2005-2006
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
Fig. 3. Comparison of the Results of UMo Dispersion Fuel Plate
Thickness Increase in Pure Al Matrix (IRIS-2 plates) or in Al/Si
Matrix (IRIS-3 Plates) with 0.3% Si or 2.1% Si Content
Showing the Effect of Si Content. The Lower Solid Line is based
on IRIS-1 Results. (Fig. from [34])
and the formation of the characteristic crescent shaped
voids was seen in some samples. Since Si is not soluble
in Al, it was present as precipitates in the Al-2.1w%Si
matrices used in these experiments. This means the Si
concentration around the UMo kernels is not homogeneous,
even if the ion bombardment of the matrix produced by
the fission products emanating from the UMo kernels
redistributes the Si during irradiation. The Si distribution
was translated in a particular microstructure after irradiation
where it was clearly established that, whenever important
concentrations of Si were present in close proximity to
the UMo-matrix interface, the local IL formation would
be very small or even non-existant [37, 63]. This is clearly
illustrated in Figure 4. On other locations on the interface,
local Si concentrations were lower and a thicker IL would
form. The absence of any sizeable IL also means no snow-
ploughing effect is observed, which avoids the creation
of the weakened IL-matrix interface and allows more
matrix to remain at high burnup. 
Based on these considerations, a set of test irradiations
was defined to select a Si content and start building a
qualification report for UMo-Al(Si) dispersion fuel at a
high power level (typically >450W/cm2). This effort was
led by the European LEONIDAS consortium, consisting
of CEA (JHR reactor), SCK•CEN (BR-2 reactor), ILL
(RHF reactor) and AREVA-CERCA, with the support of
US GTRI (ANL and INL) [48]. The first irradiation
campaign was called E-FUTURE [49], for which a 4 full
size, flat plate basket was designed and constructed for
use in the BR2 reactor. The experimental matrix included
2 plates with 4w% Si in the matrix and 2 plates with 6w%
Si (see Table 1). These quantities were selected to provide
reasonable margins over the minimum Si amount that
was deemed necessary [45]. To maximise the availability
of the added Si at the interface between the UMo kernels
and the matrix, heat treatments were given to these plates
to enhance diffusion of the Si in the matrix to that interface
during the manufacturing, leading to the formation of as-
fabricated Si-rich diffusion layers (SRDL) [105-107].
Although the plates were irradiated up to the foreseen
burnup level at elevated powers without fission product
release indicating cladding failure, the post-irradiation
examinations (PIE) did reveal important pillowing had
occurred at the highest power/burnup locations on all 4
plates during the last cycle [50, 51]. 
Thanks to the availability of advanced PIE equipment
(BONAPARTE bench built by SCK•CEN), it was possible to
derive an expression for high burnup UMo swelling evolution
with burnup, based on the non-destructive swelling mea-
surements performed over the complete plate surface [53].
The 'swelling' here is derived from the measured plate
and oxide thicknesses. The measured plate thickness is
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Fig. 4. EPMA Mappings Showing that IL Formation Remains Very Limited when an Important Si Concentration is Present in Close
Proximity to the UMo/matrix Interface (Compare the Locations in the Green and Red Ovals). Remark Also the Absence of a Fission
Product Halo when no IL is Formed (Fig. Adapted from [84])
corrected for swelling due to oxide formation. The net
plate thickness Tcorr is then converted in a plate thickness
increase ¨Tcorr by subtracting the initial plate thickness Ti.
Subsequently, this thickness increase can be translated in
a percentage by dividing it by the initial plate thickness.
Finally, assuming that the net plate swelling is entirely
generated by the swelling of the UMo particles, the fuel
swelling can be derived from the plate swelling by the
following formula:
with SF the UMo swelling, V the volumetric U(Mo) loading
(48.6% for 8gU/cc), Ti the as-fabricated plate thickness and
ti the as-fabricated meat thickness. This formula neglects
meat porosity and interaction phase formation effects on
the swelling (both are small) and assumes a uniform meat
thickness and homogeneous U(Mo) kernel distribution
(i.e. uranium loading density). The process is further
detailed in [53]. The results of these measurements are
shown in Figure 5. Fuel solid state swelling due to accu-
mulation of fission products is independent from power
[85] as long as the irradiation temperatures stay low and
no diffusion mechanisms other than the fission product
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Reactor
Irradiation period
Plate identifications
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U) 
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max. local swelling (%)
Outcome of irradiation
U8MV7003
Ground
8.2
49.2
7.3
6.4
Al+2.1w%Si
AlFeNi
259
100
16.7  [41.8 LEUeq]
2.8 1021
26.6 [66.5 LEUeq]
4.4 1021
13.7%
Complete
U8MV8002
Ground
8.1
49.2
8.4
7.9
Al+0.07w%Si
AlFeNi
254
90.6
14.6 [36.5 LEUeq]
2.4 1021
22.5 [56.3 LEU eq]
3.8 1021
8.0%
Complete
U8MV8501
Ground
8.1
49.5
8.3
9.0
Al+2.1w%Si
AlFeNi
251
153
23.7 [59.3 LEUeq]
3.9 1021
35.3 [88.3 LEU eq]
5.9 1021
24.8%
Complete
U8MV8503
Ground
8.1
49.5
8.3
8.9
Al+2.1w%Si
AlFeNi
258
90.6
14.1 [35.3 LEU eq]
2.4 1021
23.1 [57.8 LEUeq]
3.9 1021
7.1%
Complete
IRIS-TUM
OSIRIS
2005-2007
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
Fig. 5. Fuel Swelling from the FUTURE  (U7MTBR07), E-
FUTURE (U7MC4XXX and U7MC6XXX Plates with
Respectively 4 and 6 w% Si in the Matrix) and SELENIUM
(U7MD1221 (Si coated) and U7MD1231 (ZrN Coated))
Irradiation Experiments; Experimental Swelling Values
(Deduced from Thickness Increase Measured in the PIE) and
Swelling Laws (Deduced from a Linear Regression in 2 Parts)
are Shown in the Figure. (Fig. from [117])
bombardment are activated. This is also confirmed by the
E-FUTURE swelling data up to very high burnups (4.5
1021 f/cm3). At fission densities approaching 5 1021 f/cm3,
the pillowing of the plates is clearly visible, producing
non-linear UMo swellings in all plates. Nevertheless, the
pillowing was less severe for the plates with 6w%Si in
the matrix than those with 4w%Si (see Table 1). The
influence of the differences in thermal treatment was
much less obvious in the PIE.
On the microstructural level, the confirmation of the
positive effect of the Si in the matrix is obvious [52, 108].
Notwithstanding the higher Si concentrations and higher
powers, the evolution of the fuel microstructure is very
similar to what was observed in IRIS-3. Interaction layer
growth is reduced by the presence of Si, particularly where
Si precipitates are located on or near the UMo-matrix
interface. However, at the highest burnup locations, still
important quantities of interaction phase are formed and
matrix concentrations drop below 10% [108]. At that
point, the matrix fibers, which form the backbone of the
plate’s mechanical strength, no longer form a continuous
network and/or possess insufficient strength to prevent
pillowing from occurring. The rate at which the fuel meat
is required to creep to accommodate the swelling rate
exceeds the capabilities of the matrix. As a result, it yields
at its weakest locations, the IL-matrix interfaces, where
large quantities of fission products are accumulated.
The details of the fuel swelling progress with burnup
and the observations of the evolution of the fuel microstruc-
ture reveal that around 2.5 1021 f/cm3, the UMo particles
start to undergo recrystallisation [37, 109-112]. This effect,
observed also in a range of other fuel types [113-115], is
related to the accumulation of defects in the crystal lattice
of the fissile material by the incorporation of fission products
and by defects left behind by fission tracks. At a certain
dose level, the lattice energy accumulated in the dislocations
will become sufficiently elevated for the material to restruc-
ture athermally. The recrystallisation is associated with
grain subdivision or grain refinement, i.e. the formation
of a large quantity of grain boundaries to minimise the latent
deformation energy stored in the dislocations. Typically,
it also leads to precipitation of fission gases in numerous
bubbles, changes in hardness and lattice parameter. Also
in the case of UMo, the same behaviour is observed [116]
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Reactor
Irradiation period
Plate identification
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U)
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Heat treatment
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max local swelling (%)
Outcome of irradiation
U7MC4111
Atomised
7.5
19.8
8.1
2.0
Al+4.2w%Si 
425°C/2h
AlFeNi
457
77
48.3
3.4 1021
71.3
5.5 1021
138%
Complete
U7MC4202
Atomised
7.5
19.8
8.1
1.6
Al+4.1w%Si
475°C/2h
AG3NE
453
77
48.1
3.6 1021
71.3
5.5 1021
165%
Complete
U7MC6111
Atomised
7.3
19.8
8.0
2.6
Al+6.0w%Si
425°C/2h
AlFeNi
465
77
47.1
3.5 1021
68.7
5.3 1021
84%
Complete
U7MC6301
Atomised
7.3
19.8
8.0
2.4
Al+6.0w%Si
475°C/4h
AG3NE
472
77
47.5
3.6 1021
71.4
5.5 1021
44%
Complete
E-FUTURE
BR-2
2010-2011
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
with large (>100nm) fission gas bubbles being formed,
first at the cell boundaries in atomised fuel. Recrystallisation
generally starts at grain boundaries, but in the case of
atomised fuel the Mo concentration is lower on the cell
boundaries, which may also cause the recrystallisation to
occur earlier. As the burnup accumulation progresses further,
also the cell interiors are recrystallised, but not all cells
undergo recrystallisation at the same burnup. As such, a
particular microstructure is produced, in which cells
showing no bubbles in the SEM image (the nanobubble
superlattice is presumed to exist) and cells that have
completely restructured are sometimes both present in
the same kernel [84]. The transformation of the entire
U7Mo fuel kernels appears complete at fission densities
of 4.5-5 1021 f/cm3. 
Restructuring of a fuel material typically is associated
with a change in its swelling rate with burnup. The rate is
increased because fission gases precipitated into bubbles
occupy a larger volume than when they are atomically
dissolved or in (overpressurised) nanobubbles. Once the
larger bubbles are formed, they in turn form effective
sinks for any further fission gas that is generated, since
the grain size of the UMo after refinement is of the same
order of magnitude as the athermal mobility of the fission
gas atoms. Therefore, newly formed fission gas will end
up in the bubbles and contribute to the bubble induced
swelling, rather than stay atomically dissolved or move
to the nanobubble lattice. This change in slope of the fuel
swelling evolution with fission density around 2.5 1021
f/cm3 for the U7Mo is also visible in the NDT results, even
if the amount of low fission density data from E-FUTURE
is limited. To provide a more reliable image of the swelling
rate evolution, one plate from the FUTURE experiment
(U7MTBR07) was also examined with the BONAPARTE
bench and the data confirms the slope change at the start
of restructuring as observed in the fuel microstructure (data
included in Figure 5). This creates the need to establish 2
fuel swelling laws, one for fission densities below 2.5 1021
f/cm3 and one above. As recrystallisation progresses,
swelling will continue to accelerate as larger volumes of
the UMo undergo grain refinement. Fuel swelling will
therefore not be a linear function of burnup after recrys-
tallisation starts. However, the linear approximation used
in the fuel swelling law still provides an adequate description,
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Reactor
Irradiation period
Plate identification
U-Mo powder type
Mo content of powder
Enrichment (%235U)
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max local swelling (%)
Outcome of irradiation
U7MD0703
Atomised
7.3
19.8
8.0
3.1
Al+7w%Si Alloy
425°C/2h
AG3NE
441
28
21.0
36.2
Failed
U7MD1201
Atomised
7.3
19.8
8.0
1.5
Al+12w%Si Alloy
425°C/2h
AG3NE
448
28
21.3
36.4
Failed
U7MD1202
Atomised
7.3
19.8
8.0
2.3
Al+12w%Si Alloy
425°C/2+2h
AG3NE
436
49
Failed
U7MD1211
Atomised
7.3
19.8
8.0
4.6
Al+12w%Si Mixture
425°C/2h
AG3NE
435
49
Failed
E-FUTURE II
BR-2
2012
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
Plates failed by buckling, cause under investigation
at least up to fission densities of ~4.5 1021 f/cm3. It is
important to mention that the non-zero swelling at zero
burnup (~20 μm) implied by the low-burnup law is believed
to be mostly a result of uncertainties in the initial state of
the plate. The initial plate thickness is determined exper-
imentally after irradiation by taking the average of the
measurements outside of the fuel zone. However, it is
known that the fuelled area of the plate exhibits a stronger
'springback' during production than the non-fueled zones,
which means that area will have a slightly higher initial
thickness, measured at ~25-30 μm [117]. On the other
hand, the out-of-fuel zone is also oxidised (~5μm on both
sides) and the swelling this causes is not taken into account.
These 2 effects counteract each other and in combination
explain the apparent ~20 μm zero burnup swelling shown
in the results. Because the actual springback is difficult to
quantify for individual plates, the bias was left in the data.
A recent contribution by Leenaers et al. at the 2014 RRFM
conference, held shortly before the publication of this
paper, has shown the same data after correction for these
residual biases. The data fit then shows an almost zero
swelling at zero burnup and an excellent correspondence
with the expressions derived by Kim et al. [85] on the
basis of only monolithic data.  This provides further support
for the notion that the interaction phase formation on
itself has little to no net swelling effect.
The results of the E-FUTURE experiment demonstrate
the stable and predictable behaviour of the U7Mo-Al(Si)
fuel system up to burnups of 60% (4.5 1021 f/cm3 UMo)
at elevated powers. Unfortunately, excessive interaction
phase formation and increased swelling rates eventually
leading to pillowing are still observed when higher burnups
are reached. The less pronounced pillowing observed on
the E-FUTURE plates with 6w%Si in the matrix compared
to the others was taken as an indication that the behaviour
may be further improved by increasing the Si concentration
and/or its availability to reduce IL formation. Both ideas
were tested in the E-FUTURE-II irradiation, which aimed
at the higher Si concentration (7w% and 12w%) and would
furthermore use a much finer Si distribution compared to
E-FUTURE. In E-FUTURE, the Si was introduced in the
matrix through mechanical blending of Al and Si powders.
As the diffusion of the Si to the UMo-matrix interface is
accomplished by thermal diffusion during manufacturing
(hot rolling and blister anneal) and by ion driven diffusion
during the irradiation, there is a benefit to be expected
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Reactor
Irradiation period
Plate identifications
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U) 
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max. local swelling (%)
Outcome of irradiation
U7MZ8043
Atomised Oxidised
7.3
19.8
7.7
3.8
Al+2.1w%Si
AlFeNi
258
147.2
53.6
3.6 1021
61.7
4.3 1021
12.5%
Complete
U7MZ8044
Atomised Oxidised
7.3
19.8
7.9
1.1
Al+2.1w%Si
AlFeNi
269
106.6
48.3
3.3 1021
55.1
3.8 1021
20.5%
Stopped Manipulation
U7MZ8053
Atomised Oxidised
7.3
19.8
7.8
2.4
A5
AlFeNi
259
86.9
42.6
2.9 1021
49.5
3.4 1021
19.3%
Stopped 
U7MZ8054
Atomised Oxidised
7.3
19.8
7.7
4.5
A5
AlFeNi
249
88.9
40.6
2.8 1021
47.0
3.2 1021
20.9%
Stopped
IRIS-4
OSIRIS
2008-2009
Table 1. Fabrication and Irradiation Characteristics of the Major European Dispersion UMo Fuel Irradiation Experiments Over the
Last 15 years
from a finer Si distribution. This can be accomplished by
using atomised Al-Si ‘alloyed’ powders. Such powders
(7w% and 12w% Si) were used to manufacture 3 of the 4
E-FUTURE-II plates, with the 4th plate serving as a
reference 12w%Si plate with blended powders. 2 plates
were manufactured with Al-12w%Si ‘alloyed’ powder,
one of which was given an additional thermal treatment
of 2h at 425°C to enhance the diffusion of the Si to the
UMo-matrix interface [54].  
During the plate manufacturing tests, it was revealed
that the Al-Si ‘alloyed’ powders had quite different
mechanical properties compared to pure Al or the Al-Si
powder mixtures and did not perform well as matrix
powders. Although such ‘alloyed’ powder had also been
used in the production of the IRIS-3 fuel plates, probably
the much lower Si content in that case did not lead to
problems in the production. However, it proved possible
to precipitate out the Si in very fine precipitates by thermally
annealing the Al-Si powders before using them in the plate
production process [56, 118]. This effectively softened
the powders, rendering them sufficiently malleable for
use in plate production.
The as-fabricated microstructure of the E-FUTURE-
II plates showed a large quantity of pre-formed Si-rich
diffusion layers (SRDL), quite uniformly covering all
particles, as well as still an important quantity of Si pre-
cipitates in the matrix, which could serve as a reservoir
for the in-pile supply [55]. The evolution of the SRDL
thickness with Si concentration in the matrix was also
shown, but the composition of the SRDL itself was not
changed with increasing coverage or thickness [54].
The irradiation of the E-FUTURE-II fuel plates was
started with the objective of duplicating as closely as
possible the irradiation history of the E-FUTURE fuel
plates. Unfortunately, 2 of the 4 plates showed a failure
after the first cycle, while the other 2 failed during the
second cycle, through a failure mechanism not previously
documented in plate type fuel irradiations. The plates were
severely deformed, resembling a buckling phenomenon.
It is currently still unclear what the underlying cause for
this buckling could be and PIE is in progress. The thermo-
mechanical properties of the matrix with its high Si content
may be at the origin of the behaviour, possibly due to a
reduced creep in the precipitation hardened matrix. In
view of the low burnup at which the phenomenon was
observed and the very different failure mode, it is deemed
highly unlikely that this behaviour would be linked to the
fuel-matrix interaction or fuel swelling.
4. ENGINEERING OF THE UMO-MATRIX
INTERFACE
Clearly, the influence of the Si added to the matrix
was not sufficient to prevent the pillowing of the UMo
based dispersion fuel plates at elevated burnup. Still,
important quantities of IL are formed, causing weakened
IL-matrix interfaces to form and eventually yield. By
thermally annealing some of the fuel plates in the E-
FUTURE and E-FUTURE-II experiments, it was attempted
to optimise the Si-rich pre-formed layers around the fuel
particles during fabrication. As the IL formation occurs
at the UMo-matrix interface, it is logical to attempt to solve
the problem by introducing the solution at that location.
Furthermore, the use of Si in the UMo dispersion fuel
system was considered a necessary evil, since the presence
of Si is not beneficial for the reprocessing of spent fuel.
Solutions capable of eliminating the need for Si and intro-
ducing a solution better suited for reprocessing would
offer an advantage, for as long as the newly developed
solutions do not introduce other problems in the reprocessing.
In the IRIS-4 irradiation, oxidised UMo particles were
used to manufacture dispersion fuel plates. By thermally
annealing the atomised powder in an oxygen containing
atmosphere, a controlled oxidation of the UMo kernels is
accomplished with an oxide layer thickness of 1.5±0.5 μm
[58, 119]. 2 plates were manufactured using a pure Al
matrix and 2 plates with Al-2.1 w%Si ‘alloyed’ powder.
137NUCLEAR ENGINEERING AND TECHNOLOGY,  VOL.46  NO.2  APRIL 2014
BERGHE et al., Review of 15 years of High-density Low-enriched UMo Dispersion Fuel Development for Research Reactors in Europe
Reactor
Irradiation period
Plate identification
U-Mo powder type
Mo content of powder (w%)
Enrichment (%235U)
Fuel loading (gU/cm3)
As-fabricated porosity (%)
Matrix type
Cladding material
Max. heat flux BOL (W/cm2)
Total EFPD (days)
Plate average burnup (%235U)
Plate average FD (f/cm3 UMo)
Max. local burnup (%235U)
Max. local FD (f/cm3 UMo)
Max. swelling (%)
Outcome of irradiation
SELENIUM
BR-2
2012
U7MD1221
Atomised 
+ 600nm Si
7.2
19.8
7.9
3.2
A5
AG3NE
421
70
47.9
3.5 1021
69.2
5.3 1021
11%
Complete
U7MD1231
Atomised 
+ 1μm ZrN
7.2
19.8
8.0
5.7
A5
AG3NE
466
70
47.5
3.5 1021
69.6
5.3 1021
14%
Complete
Table 1. Fabrication and Irradiation Characteristics of the
Major European Dispersion UMo Fuel Irradiation
Experiments Over the Last 15 years
The in-pile behaviour of the IRIS-4 plates turned out to
differ relatively little from the IRIS-3 plates, with pillowing
observed in the plates without Si at fission densities
between 2.5-3.5 1021 f/cm3. Also, on a microstructural
level, the IL formation did not appear to be disturbed or
delayed by the presence of the oxide layer. For the plates
with Si in the matrix, pillowing was clearly delayed (shift
from ~2.8 to ~3.4 1021 f/cm3 UMo), but indications
exist that the effect of the Si may be counteracted
somewhat by the presence of the oxide layer. Whereas the
Si bearing plate did not show pillowing in the IRIS-3
experiment, one IRIS-4 plate with Si started to pillow at
around 3.4 1021 f/cm3 [59]. Of course, the IRIS-4 plates
were irradiated at higher power levels, which enhance IL
formation.
Si is put in the matrix because of its affinity for uranium
and to reduce the IL formation. It may also improve the
properties of the interaction phase. In this way, an attempt
is made to allow an UMo based dispersion fuel plate to
support irradiation to very high burnups with a sufficient
quantity of matrix left at the end of irradiation. However,
the introduction of a diffusion barrier at the UMo-matrix
interface, capable of preventing interaction between UMo
and the matrix would serve the same purpose. It should be
kept in mind that the driving force in the interdiffusion of
UMo and the matrix is not thermal, but due to ion bom-
bardment by the fission products (a ballistic effect), more
specifically resulting from the U and Al recoils produced
as a fission product traverses the UMo-Al interface. This
was particularly demonstrated by the observation of a
depleted or natural uranium based UMo kernel in an
irradiated E-FUTURE sample [62, 120]. As the fission
density in that kernel is very low, there was no formation
of an IL around the kernel (only the pre-formed SRDL is
still present), while it was at the same temperature as
surrounding UMo particles, which all formed a sizeable IL
(see Figure 6). At the end-of-life (EOL), when the thermal
conductivity of the fuel is degraded and the outer oxide
layer forms a thermal barrier, temperatures may go up
and thermally activated diffusion may become somewhat
more important, but since the EOL powers are relatively
low due to the high burnup, it is unlikely that this will
have a major impact. 
For the SELENIUM project, TRIM calculations were
performed to estimate the required diffusion barrier thick-
nesses, based on a ballistic approach [61, 62]. The conclusion
was that a diffusion barrier of ~1μm ZrN should be capable
of avoiding the recoiled Al and U atoms from interacting,
thus effectively preventing IL formation (Figure 7).
A PVD magnetron sputtering device for the coating
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Fig. 6. EPMA Mappings of a Depleted or Natural UMo Kernel Irradiated in E-FUTURE I Experiment (Fig. from [120])
of particles was constructed and used to produce UMo
atomised powder with coatings of ~0.6μm Si (connection
with E-FUTURE) and ~1μm ZrN (introduction of diffusion
barrier). 2 full size flat fuel plates produced with these
particles (one plate for each coating) dispersed in a pure
Al matrix were irradiated in the BR-2 reactor [120, 121].
The irradiation conditions were selected to mimic the E-
FUTURE campaign to allow accurate comparisons. Even
with a maximum local burnup of 5.3 1021 f/cm3 UMo
(nearly 70%235U) in the highest power positions, none of
the plates showed signs of pillowing or excessive swelling
at the end of irradiation. Non-destructive analysis of the
plates with the BONAPARTE bench showed that the fuel
swelling profiles of both plates were very similar to each
other and to the evolution of the 4 E-FUTURE plates [117].
At the fission densities >4.5 1021 f/cm3, where pillowing
was observed in the E-FUTURE plates, an acceleration
of the fuel swelling evolution with burnup was noticed
for both SELENIUM plates. The overall fuel swelling
progress, as well as its acceleration at high burnup, was
found to be highly comparable for all 6 plates (4 E-FUTURE
and 2 SELENIUM), notwithstanding the fact that no Si
was present in the SELENIUM plate with the ZrN coated
particles. This is clearly demonstrated in Figure 5.
Also the microstructural evolution of the SELENIUM
fuel shows an improved behaviour over the E-FUTURE
plates [122]. The Si coated fuel has a virtually identical
evolution as the 4 E-FUTURE plates, but with much less
interaction phase formation at low burnup. This should
be credited at least partially to a different UMo particle
size distribution, with much less fine particles present in
the case of SELENIUM. The fine particles, with their
much larger surface areas, react much more readily with
the surrounding matrix. At the highest burnups, defects
start to develop on the IL-matrix interface, which resembles
the early phase of the breakdown in the E-FUTURE plates
in the case of the Si coated fuel plate. Essentially, this
indicates that the presence of Si in the form of a coating
or mixed in the matrix has the same effect on the fuel
behaviour, which can be expected.
The main difference is observed in the ZrN coated
fuel, which shows a virtual absence of reaction between the
UMo and the Al, up to fission densities of 4.5 1021 f/cm3,
after which the IL formation starts and defects develop in
the matrix near the UMo particles. The defects are different
from the ones observed in the Si-based systems (matrix
addition or coating) and show a tearing of the matrix in
the areas directly surrounding the UMo particles (Figure 8,
right image). These areas are the most heavily damaged
by the fission products and as such are expected to have
hardened considerably. This means that, in the absence of
the weakened IL-matrix interfaces which haven’t formed
as no IL is generated, these hardened zones are mechanically
the weakest points. The tears are also oriented in the lon-
gitudinal direction of the plate, indicating that they are
formed under a tensile force, perpendicular to the plate
surface, produced by the particle swelling. This is further
confirmed by the oblong shape of the fuel particles at
high burnup (Figure 8, right image), most of which have
their longest axis perpendicular to the fuel plate surface.
As the particles swell, their expansion in the in-plane
directions is constrained, while the swelling in the direction
perpendicular to the plate surface is much freer. However,
this expansion needs to be accommodated by important
creep of the matrix, which itself suffers from a deterioration
of its mechanical properties by IL formation (if any is
formed) and hardening under ion bombardment close to
the fuel kernels.
The microstructure of the as-fabricated ZrN layer has
changed considerably under the influence of the intermixing
with the U and Al recoils of the fission products. The
developed inter-mixing layer (IML) is thicker than the
original ZrN layer and contains significant amounts of Al.
Both from the non-destructive and the microstructural
analyses, a much more pronounced development of different
phenomena is observed at burnups >4.5 1021 f/cm3. It is
possible that the observed phenomena, such as plate
swelling, interaction phase formation, defect development,
etc. are all consequences of a common cause. However,
the exact cause is currently still unknown and under
investigation. Clues are sought in other experiments that
have carried UMo dispersion fuels to these burnup levels.
In Europe, except for E-FUTURE and SELENIUM, only
IRIS-TUM has proceeded beyond the 4.5 1021 f/cm3
density, albeit using ground fuel and at much lower power
levels. Notwithstanding these differences, it reveals an
evolution of the IL thickness and fuel swelling that increases
markedly after the 4.5 1021 f/cm3 threshold [40].
Outside of the EU, Russian experimental results indicate
similar behaviour even in pin-type fuels, for which
temperatures, power levels, loading, etc. are all grossly
different from the cases of E-FUTURE and SELENIUM
[112]. 
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Fig. 7. Distribution of Final Recoil Positions Obtained by TRIM
Calculation on 1 Micron ZrN Coating (Fig. from [61])
The commonality of the fission density level at which
these phenomena start to occur, appears to indicate an
intrinsic cause related to the U7Mo itself. Fuel behaviour
modelling indicates that the fuel recrystallisation may be
an important factor in this behaviour. What appears as a
threshold may be a continuously accelerating swelling of
the fuel under the progressing recrystallisation. The grain
refinement and gas bubble development associated with
the recrystallisation leads to acceleration in the swelling,
which can be accommodated as long as the meat is capable
of creeping at a sufficiently high rate. If parts of the meat,
such as the IL-matrix interfaces or the hardened matrix
directly adjacent to the kernels, cannot sustain the required
creep rate, they yield and macroscopic defects develop.
In the case of the Si bearing fuels, the malleable IL will
creep and form the characteristic crescent shaped voids,
while in the case of the ZrN coated fuel, the matrix tears.
As an intrinsic property of the UMo, recrystallisation can
be addressed by increasing grain size and homogenisation
of the Mo content. Without the presence of the Mo-poor
cell boundaries and with larger grains, the onset of grain
refinement will be delayed and progress slower, possibly
pushing the point where the swelling rate becomes too
high beyond the fission density attainable with LEU. 
5. CONCLUSION AND CHALLENGES
The U7Mo dispersion fuel system qualification has
experienced a number of unexpected setbacks so far,
even if interaction phase formation and evolution of fuel
properties with burnup were very well known phenomena,
also for the existing qualified dispersion fuel types. This
demonstrates that the particular power regime at which
the high density U7Mo fuel needs to operate, presents a
particular challenge compared to the U3Si2 qualification
process. The very important interaction phase volumes
generated (and therefore matrix consumed) and the properties
of this phase and its interface with the matrix have led to
the need to remedy failure mechanisms, occurring in
essence around 2.0-2.5 1021 f/cm3 with pure Al matrix
(IRIS-2 and FUTURE). 
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Fig. 8. SEM Images Taken from the Microstructure of the Irradiated SELENIUM Plates. The Left Hand Image is Taken from the
Highest Power Zone of the U7MD1221 (Si Coated) Plate, while the Right hand Image is Taken in the Highest Power Zone of the
U7MD1231 Plate (ZrN Coated). The Lower Images show the Evolution of the Volume Fractions (Multiplied by the Local Meat
Thickesses to Account for Swelling of the Meat) of Each of the Different Phases Present in the Fuel Meat (Fuel, Matrix and Interaction
Layer) (Fig. from [122])
Advanced solutions as Al-x%Si matrix or Si/ZrN
coatings (E-FUTURE and SELENIUM) have clearly
improved the behaviour at low to moderate burnup, with
a successful irradiation up to 60% burnup. However, beyond
these fission densities, fuel plates are found to show rapid
swelling at 5.0-5.5 1021 f/cm3, which led to pillowing in
the case of the E-FUTURE plates with Al-Si matrices. The
tests with coated UMo fuel also show an accelerating
swelling in function of burnup at these elevated fission
densities, but no pillowing followed. This behaviour is
no longer a question of interaction layer (IL) formation
or an effect of Si, since it is observed in the same way in
the ZrN coated U7Mo dispersion fuel, where no Si is present
in the matrix and only very limited IL is formed. The current
working hypothesis to account for this behaviour is related
to the UMo particle swelling itself. Their swelling rate is
influenced by the rate of fission product incorporation
(fission rate) and the development of fission gas bubbles,
mainly linked to the recrystallisation of the fuel, which
enhance swelling above ~2.5 1021 f/cm3. This leads to the
conclusion we are facing intrinsic properties of the atomised
U7Mo fuel, where the onset and progress of recrystallization
of the fuel may eventually cause swelling rates to exceed
the mechanical capabilities of the irradiated dispersion UMo
meat. The recrystallisation threshold and evolution can be
influenced by changing the UMo microstructure to eliminate
Mo inhomogeneity and enlarge grains, which may hold
promise to reduce the swelling rate at high burnup to within
acceptable limits for the mechanically weakened matrix.
The challenge for the coming years will certainly be
the further identification and remediation of the root cause
of this behaviour. A thorough revision of existing high
burnup datasets, the advanced PIE of the SELENIUM
and E-FUTURE samples, as well as samples from the US
irradiations programs (RERTR and AFIP) and perhaps a
focalised test irradiation will undoubtedly reveal further
indications regarding the origin of the phenomena occurring
at the 4.5 1021 f/cm3 threshold, as well as a mitigation
strategy. Detailed observations of samples around the
fission density thresholds associated with changes in fuel
behaviour (2.5 1021 f/cm3 for the onset of recrystallization
and 4.5 1021 f/cm3 for the completion of the recrystallisation
and apparent onset of mechanical failure) using advanced
PIE techniques (eg. TEM) will be needed to deepen com-
prehension and support the definition of a new irradiation
experiment with dispersion UMo.
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